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Sea surface temperature warming to inhibit mitigation of
tropical cyclone destructiveness over East Asia in El Nifo
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Given their conditions to reside in and intensify longer over warm oceans, tropical cyclones (TCs) in the western North Pacific (WNP)
present a stronger lifetime maximum intensity during El Nifio than during La Nifa. By using observational data, we found that the
anomalously cool sea surface temperature (SST)s in the basin act as effective barriers against intense TCs approaching East Asia
during El Nifio, weakening their destructiveness at landfall. Based on our high-resolution pseudo-global-warming simulations, the
basin-wide 2K SST warming within the WNP basin can, however, shatter this cool SST barrier, exposing East Asia to more destructive
TCs during El Niflo, compared to those during La Nifia. Considering that the 2K warmer WNP will likely occur in the mid-21st century
under a high emission scenario and in the late 21st century under a moderate emission scenario, our findings support that more

aggressive efforts of global warming mitigation are needed.
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INTRODUCTION

Tropical cyclones (TCs) are primarily active in the western North
Pacific (WNP). On an annual average, ~25 TCs form in the basin,
accounting for 25% of the total global TCs'?, half of which strike
East Asia, including Korea, Japan, and China. The damages caused
consequently amount to an annual average of USD 0.5 billion per
TC2 The financial losses incurred by a TC are determined based on
various factors, particularly, the TC intensity at landfall (landfall
intensity);>* stronger landfall intensities are generally associated
with greater damage, and thus unprecedented landfall intensities
imply catastrophic damage. The Typhoon Maemi, which struck the
Republic of Korea in 2003, is one such TC. With a record-breaking
landfall intensity of ~54ms™" >6, the TC incurred property losses
of USD ~5 billion—the largest ever reported. In light of these
events, the Korean government was pressured to enhance the
windproof design to protect infrastructure against wind gusts.
Such events highlight the importance of understanding inter-
annual TC variability, especially in terms of landfall intensity.

The El Nifio Southern Oscillation (ENSO)—the spatiotemporal
variability of sea surface temperature (SST) in the tropical
Pacific’—is the most dominant driver of TC intensity over the
WNP on interannual time scales®~"". ENSO significantly shifts the
location of TC genesis, inducing interannual variability of TC
intensity; during El Nifio, TCs tend to form in the southeastern part
of the basin, whereas during La Nifa, they tend to form in the
northwestern part. Since the TCs in the WNP translate north-
westward in the tropics, more TCs generated in the southeastern
WNP indicates that, considering the northwest-continent and
southeast-ocean geographical distribution, TCs can stay longer
over the warm oceans before they landfall®. Consequently, the TC
intensity increases considerably during El Nifio compared to that
during La Nifa.

However, the robust relationship between ENSO and TC
intensity holds only for lifetime maximum intensity (LMI), lifetime
average intensity, or lifetime cumulative indices such as accumu-
lated cyclone energy and power dissipation index®-'°. Zheng
et al'. inspired us that ENSO may not be a controlling factor for
landfall intensity. They found a loosening factor for the positive
correlation between ENSO and LMI. The study indicated that the
upper ocean heat content over the WNP reduces during El Nifio
than that during La Nifa, which strengthens the cooling effect by
TC-induced upwelling. The upwelling draws colder water from
below, creating unfavorable conditions for TC intensification;
consequently, the effect of a longer lifetime for TC intensification
diminishes. This Gaia-like mechanism works consistently for
different El Nifio types'?, that is, the warm pool and cold tongue
El Nifios'3. This mechanism can further affect TC intensification if
we focus on landfall rather than on LMI; however, few studies have
addressed this topic.

In addition to the ocean heat content'* "7, the response of
basin-wide SST in the WNP to ENSO is thought to be an important
influential factor controlling the TC development and intensifica-
tion. The basin-wide SST in the WNP generally becomes cooler
than normal in El Nifo, while it becomes warmer in La Nifa'®'°,
The SST patterns roughly correspond to the potential intensity (Pl),
which represents the theoretical maximum wind speed at which a
TC can reach a region?®=22, According to Xu and Wang?3, the
maximum potential intensification rate of TCs is primarily
associated with SST, and the most intensifying TCs have been
reported for regions where the SSTs are higher than 28°C. These
facts suggest that even without considering the ocean heat
content, SST conditions can exert a damping effect on TC
intensification, thus weakening the landfall intensity during El
Nifo.
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In this study, we identified the effects of cool SST barriers on
landfall intensity during El Nifio events and investigated its
changes in a warmer climate. In particular, only the TCs striking
mid-latitude East Asia, that is, land areas above 30°N, including
East China, Korea, and Japan, were considered, because TCs
migrating up to mid-latitude East Asia generally stay over the
ocean longer than those that do not, thus maximizing the SST
effects. In addition, if only TCs landfalling north of 30°N are
considered, the track change effects on TC intensity according to
ENSO phases can be minimized. In general, TCs tend to recurve to
the mid-latitudes during El Nifio and move straight to the
subtropics during La Nifia®*2°. This causes more TCs to experience
cooler mid-latitude oceans on their pathways after LMI during El
Nifo, contributing to the overall variations in landfall intensity,
even without any change in basin-wide SSTs, if we consider both
TC-prone subtropical and mid-latitude areas of East Asia. The
response of track changes to ENSO becomes further complicated
when considering sub-seasons (e.g., early and late seasons) or
different types of ENSO2°3° However, even when assuming
possible track differences, their effects on landfall intensity above
30°N are expected to be minor. This is because the track difference
is mainly longitudinal in TCs heading to the mid-latitude3'3? while
the zonal SST variations are much smaller than the meridional
variations?'.

RESULTS

Mitigating effect of cool WNP SST in landfall intensity over
East Asia during El Nifo

Our observational analyses on landfall intensities indicated no
significant differences between El Nifio and La Nifa (Table 1 and
Supplementary Table 1). The mean genesis location shifts
significantly southeast in El Nifio years, so that LMI before landfall
is 10.42 m s~ greater in El Nifio than in La Nifa years due to the
longer lifetime, which is significant at the 90% confidence level.
This is consistent with the well-known responses of TC activity to
ENSO in the WNP®-1028 The average location of the LMI shows the
same response to ENSO as that of its genesis location—it moves
southeastward during El Nifio and northwestward during La Nifa.
This is also consistent with a previous study?®, although we only
considered TCs entering the mid-latitudes of East Asia. The
southeastward retreat of the LMI during El Nifio indicates early
decay of a TC, which means that the TC intensity decreases for a
substantial time prior to landfall. Consequently, the landfall
intensity during El Nifio is comparable to that during La Nifa,
although the LMI during El Nifio is stronger than that during La
Nifa. Hence, it is important to understand the factors that
determine the response of LMI locations to ENSO. Meanwhile,
when considering only TCs striking south of 30°N, we could not
find the significant difference in LMI and its location as well as
landfall intensity (Supplementary Table 2). As discussed in the
introduction, this is because TCs striking countries in the

subtropics have relatively little time to develop over the warm
ocean; they have about 20 hours shorter lifetime from genesis to
LMI than TCs striking the mid-latitudes. This result further supports
our focus on TCs landfalling north of 30°N.

Our results indicate that the SST acts as a key factor with
regards to variations in the LMI locations associated with ENSO
(Fig. 1). The SST becomes cooler during El Nifio than during La
Nifia over the entire WNP basin. The relative unfavourability of
cooler SST to TC intensification forces the TC to reach LMI farther
from land during El Nifo. Specifically, the 28—29°C band is an
important baseline upon which the average LMI location for both
El Niflo and La Nifa falls. Our results are consistent with those of a
previous study highlighting 28°C as an empirical baseline of
intensification?3.

Figure 2 further emphasizes that SST is a much more critical
factor than other well-known factor, vertical wind shear (VWS)?3,
The linear relationship is significant (r = 0.47) between the SST and
TC intensification rate (Fig. 2a), which was significant at the 95%
confidence level, while a relatively low correlation coefficient
(r=0.16) is shown between VWS and TC intensification rate
(Fig. 2b). In order to emphasize the robust relationship between
SST and TC intensification rate compared to VWS, VWS and SST are
additionally plotted in colors in Figs. 2a and 2b, respectively. The
colors of the dots in Fig. 2a, representing the VWS, are not well
separated into red (high VWS) and blue (low VWS) above and
below the zero-intensification rate, respectively, whereas in Fig. 2b
the red (high SST) and blue (low SST) colors are clearly separated
above and below the zero-intensification rate, respectively. In
other words, VWS is not a critical factor in determining the
intensification rate, while SST is critical in determining the
intensification rate. Meanwhile, 700-hPa relative humidity and
850-hPa relative vorticity, known as other factors, are not
important for the TC intensification rate, as their correlation
coefficients with the TC intensification rate are 0.2 and —0.01,
respectively.

Disappearance of cool SST barrier against catastrophic TC
landfall over East Asia during El Nifio under the pseudo-global
warming

Our results suggest that cooler basin-wide SSTs during El Nifio can
act as successful barriers against intense TCs approaching the mid-
latitudes in East Asia. However, this barrier might only work under
present climatic conditions given that global warming can lead to
an increase in the SST in the WNP. The basin-wide SST warming
can relocate the 28°C SST baseline poleward such that the cool SST
barrier is no longer valid, particularly during El Nifio. To support this
hypothesis, pseudo-global-warming experiments with a very high
horizontal resolution (3 km) and large domain were performed for
three representative cases of each ENSO phase (see Methods for
details). Given the limited computing resources, we selected the
following representative cases with general, well-known character-
istics for each ENSO phase (Supplementary Table 3): farther and

Table 1.

Average locations (in latitude and longitude) and average maximum sustained wind speed (MSWS; m s~') at genesis, lifetime maximum
intensity (LMI), tropical cyclone (TC) landfall, and 30°N during El Nifio and La Nifa, and their differences.

El Nifo La Nifa El Nifio minus La Nina

Longitude Latitude MSWS Longitude Latitude MSWS Longitude Latitude MSWS
Genesis of landfall TCs 144.26 14.04 - 133.90 20.71 - +10.35™ -6.67" -
LMI of landfall TCs 135.14 21.83 56.54 130.32 27.33 46.12 +4.82° -5.517 +10.42"
Landfall 131.31 33.36 29.88 129.72 33.30 31.54 +1.59 +0.06 -1.66
30°N 129.59 30.09 36.57 128.90 30.06 35.21 +0.69 +0.02 +1.36

Single (") and double (™) asterisks indicate that the difference is significant at the 90% and 99% confidence levels, respectively, based on the Student’s t-test.
MSWS at genesis is omitted since it is almost always 17 ms~' per the definition of genesis in the present study.
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Fig. 1 Differences in sea surface temperatures (SST) between El Nifio and La Nifa years during tropical cyclone (TC) season, that is, from
June to October (shading and contour; unit of °C). Gen, LMI, and Land (triangle, circle, and rectangular, respectively) indicate mean locations
of genesis, lifetime maximum intensity (LMI), and landfall, respectively. El and La within square brackets represent El Nifio and La Nifa,
respectively. Black dots indicate that the difference is significant at the 99% confidence level, based on the Student’s t-test.
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Fig.2 Scatter plots. a Sea surface temperature (SST) and b vertical wind shear (VWS) versus intensification rate. Solid lines indicate the linear
fit slopes of the scatters; dashed lines indicate zero intensification rate. Colors in (a) and (b) represent VWS and SST, respectively. In the lower
left of each panel, r, p val, and N indicate the Pearson correlation coefficient, its p value, and the number of samples, respectively.

closer TC genesis and LMI locations from the East Asian continent
during El Nifio and La Nifa, respectively.

Despite some limitations, the model captures well the main
features of intensity variation with latitude. The lower maximum
sustained wind speed (MSWS) values in the models than in the
observations are particularly evident for El Nifio cases (Fig. 3),
although the model experiments yielded comparable observa-
tional TC tracks (Supplementary Figure 1). This suggests that the
model does not accurately reproduce catastrophically intense TCs
during El Nifio, even at a high resolution of 3 km. Nevertheless, in
both the observation and the control run, the LMI consistently
appeared at 20—25°N during El Nifio and above 30°N during La

Published in partnership with CECCR at King Abdulaziz University

Nifa. Similar to the observations, the LMI location for La Nifa in
the model was closer to mid-latitude East Asia than during El Nifio.
In addition, the MSWS at 30°N during El Nifio (31.16 ms~") and La
Nifia (31.24ms~") are comparable, which is consistent with
observations showing comparable intensities between El Nifio
(36.57 ms~") and La Nifia (35.21 ms~") (see Tables 1 and 2). In the
model, the MSWS at 30°N has been regarded as the landfall
intensity because most mid-latitude coastlines are located near
30°N. We did not investigate landfall intensity per se in the model
because the simulated TC tracks were not exactly the same
between the present and 2K warming climate (Supplementary
Figure 1). Therefore, the landfall intensities cannot be directly
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Fig. 3 Box plots of maximum sustained wind speed (MSWS, upper panels) and minimum sea level pressure (MSLP, lower panels) at each
latitude band for observation (Obs), control (Ctrl), and 2K-warming (2K) experiments. El Nifio and La Nifha cases are shown in (a) and (b),
respectively. The upper, middle, and lower bars in the box indicate the 75% (Q3), median, and 25% (Q1) values. The upper and lower whiskers
indicate Q3 + 1.5x (Q3 — Q1) and Q1 — 1.5x (Q3 — Q1), respectively. MSWS was collected at each 6-hour position in each latitude interval.

Table 2. Averages of maximum sustained wind speed (m s~') at 30°N
during El Nifio and La Nifa for control (Ctrl) and 2K-warming
experiments (2K), and the differences between El Nifio and La Nifa for
each experiment, and 2K and Ctrl for each ENSO phase.

El Nifo La Nina Diff. between El Nifio
and La Nina
Ctrl 31.16 31.24 —0.08
2K 41.95 30.88 +11.07"
Diff. between 2K and Ctrl +10.79™ —0.36

Double asterisks (™) indicate that the difference is significant at the 99%
confidence level, based on the Mann-Whitney U test.

compared. The observational results are not sensitive to the use of
two different terms, that is, landfall intensity and MSWS at 30 °N
(Table 1 and Supplementary Table 1); both landfall intensity and
MSWS at 30°N show little difference between El Nifio and La Nifa.

According to the model experiments, basin-wide 2K uniform
SST warming can lead to a stronger landfall intensity during El
Nifio than during La Nifa (Fig. 3 and Table 2). Under present
climatic conditions, the TC may approach its LMI location at
20—25°N during El Nifio but above 30°N during La NiAa. In the 2K
warming climate, the TC reaches its LMI location at 25—30°N in El
Nifo, and further the MSWS decays slowly until the TC reaches
30°N. In contrast, since the upper limit of the LMI latitude prior to
landfall is 30°N, the LMI location cannot migrate further poleward
in La Nifa. For 2K warming, the mean MSWS at 30°N increases by
~10.79ms™" in El Nifio (41.95 m s~"), whereas in La Nifa it barely
changes from 31.24ms .

DISCUSSION

Our results show that SST is a good and simple indicator of TC
intensification, as we already knew. Pl may be a more accurate
indicator of TC intensification because it includes not only surface

npj Climate and Atmospheric Science (2024) 24

conditions but also tropospheric conditions. We found that Pl is
significantly correlated with TC intensification rate (r=0.6), as is
SST. However, the consistency of high correlations of SST and PI
with the intensification rate implies that SST is rather a better
indicator of TC intensification, despite the lack of information on
tropospheric state, because it is a much simpler indicator than PI.
Pl requires 3D variables such as temperature and humidity. This
can also be supported by previous studies, which showed that PI
patterns almost correspond to SST as mentioned in the
introduction?°-22,

According to our result, the LMI and its location are not a
critical factor for landfall intensity, but rather the SST. At first
sight, our result seems to contradict a previous study3* which
argued that the LMI and its location are important in determining
the landfall intensity; both a large LMI and a small distance
between the LMI and the landfall location lead to catastrophic TC
landfalls. However, a closer look at the results leads to the same
conclusion. The discrepancy may be due to two reasons. First, we
used only the mid-latitude TCs associated with each ENSO phase,
whereas the previous study>? used all TCs. Second, the previous
study? identified a possible double requirement of TCs with LMI
greater than 50ms' and proximity to land for the most
damaging cases with landfall intensity greater than 50ms™. In
contrast, we have considered all intensity categories, both in
terms of LMI and landfall intensity. However, under our 2K
warming simulation, both the landward extension of the LM, i.e.
about 5 degrees poleward, and the increased LMI per se with an
intensity greater than 50 ms™', especially during El Nifo, lead to
the catastrophic landfall intensity. This is a similar sampling as in
the previous study>3. In this respect, our results are in agreement
with the previous study33,

In our model experiment, MSWS was simulated much weaker
than observed particularly during El Nifio. This could be due to the
different environmental conditions between model and observa-
tion. In particular, we focused on the thermodynamic conditions. As
a representative, for the case of typhoon TINA, the PI calculated in
the model over the WNP basin was only about 10% lower than that
of the observation. This means that the different thermodynamic
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background was not a critical factor leading to significantly weaker
MSWS in the model than in the observation, but rather the other
inherent limitations such as resolution, physics, etc. could be.

In conclusion, under the present climate, the cool SST barrier
inhibits destructive TCs from approaching mid-latitude East Asia
during El Nifo compared with that during La Nifa. Despite several
limitations, our study provides the evidence that future warmings
may allow catastrophic TC landfall over highly populated East Asia
during El Nifo events by eliminating the SST barrier. This
highlights the importance of responding properly to future risks
of intense TC exposures that accompany El Nifo.

The recent international movement toward global carbon
neutrality can effectively delay the timing of the TC destruction
of the cool SST barrier during El Nifio. To assess the relevance of
our hypothetical warming for the future emission scenarios, i.e.,
the Shared Socioeconomic Pathway (SSP) scenario, we have
checked the timing of the 2K SST warming with respect to the
current period (1979—2014) in the WNP as well as in the global
ocean using 29 climate models. Results show that the ensemble
mean SST warming in the WNP is estimated to exceed 2K in 2060
under the SSP5-8.5 scenario and in 2096 under the SSP2-
4.5 scenario. This indicates that our experiment based on regional
2K warming corresponds to the future conditions in the mid-21st
century under high emission scenario (SSP5-8.5) or in the late 21th
century under moderate emission scenario (SSP2-4.5). Note that
this emergence of regional 2K warming is slightly faster than that
of global mean SST, which occurs in 2067 under the SSP5-
8.5 scenario but not within this century under the SSP2-
4.5 scenario. This timing result supports the necessity of more
aggressive efforts of global warming mitigation to minimize the
possible impacts of stronger TCs on East Asia.

METHODS
Data and methodology

This study used the best track datasets from the Joint Typhoon
Warning Center (JTWC) released by the Naval Meteorology and
Oceanography Command. To reduce data uncertainty, we also
used the best track dataset from the Regional Specialized
Meteorological Center (RSMC) as a supplement. Briefly, 6-hourly
datasets for the center locations of TCs, sea level pressure, and
MSWS were provided by above agencies. To accurately capture
landfall in mid-latitude East Asia and its intensity at that time,
6-hourly TC data were linearly interpolated to 1-hourly data. This is
because a 6-hour interval is too long to detect a precise landfall
over the relatively narrow land areas in the mid-latitudes, such as
the Korean peninsula and the Japanese islands®*. Note that the
interpolated data have only been used in Table 1 and the
Supplementary Tables 1 and 2. In Fig. 3 and Table 2, 6-hourly data
were utilized to preserve the originality of the data as much as
possible. A location was defined as TC's genesis when the TC firstly
reached its MSWS in excess of tropical storm intensity, that is,
17ms™". If TCs reached 17 ms™" at least once, all TC intensity
categories, including typhoons (MSWS >33 ms™), tropical storms
(33ms'>MSWS=17ms™"), and  tropical  depressions
(17ms'>MSWS=12ms™"), were included in the calculation.
Only those TCs whose genesis was located within the WNP
(120-180°E and 0-40 °N) generated during the TC season from
June to October were used in the calculation. Landfall was defined
as the timing when a TC first crossed the coastlines of Korea,
Japan, and east China above 30°N. MSWS at landfall was defined
as landfall intensity. If a TC migrated westward across the 122°E
line prior to reaching 30°N, the TC was excluded from the
calculation; this is because such TC types make a landfall in
mainland China before reaching 30°N.

Large-scale background states such as the SST and VWS
surrounding the TCs were examined using the daily Optimum
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Interpolation SST version 2 (OISSTv2)*> and ERA5 reanalysis data
from the European Centre for Medium-Range Weather Forecasts
(ECMWF)3¢, Both datasets have spatial resolutions of ~25 km and
daily temporal resolution. The VWS was calculated from the wind
difference between 850 hPa and 200 hPa. To examine the relation
between TC characteristics and environmental conditions (Fig. 2),
all variables, such as SST and VWS, were averaged daily over the
area between 200km and 800 km from the TC center’’, and
compared with average TC intensification rate at that day. This is
because the OISST data are daily data. A total of 1246 samples
were used for these calculations.

TC's sensitivity to ENSO is characterized by standardized SST
anomalies over the Nifo3.4 region (5°N-5°S, 170-120°W) during
the TC season (June to October). The El Nifio and La Nifa years
were defined when the Nifio3.4 index became larger than 0.95
and lower than —0.95, respectively''38, Over the analysis periods
(1979-2018), we identified the same number of years for each
ENSO phase: five El Nifio years (1982, 1987, 1997, 2002, and
2015) and five La Nifa years (1988, 1998, 1999, 2007, and 2010).
Note that even if we use 1 as the threshold, the main result does
not change significantly (not shown). As such, using the annual
mean values of TC characteristics (e.g., LMI and landfall intensity)
would have yielded very few number of samples. Hence, we
considered each TC's characteristics for each ENSO phase during
calculation and obtained 24 and 19 TC cases for El Nifio and La
Nifa, respectively. In case of the RSMC, 25 and 20 cases of El
Nifo and La Nifa events were obtained, respectively. This
approach allowed us to acquire a greater number of samples to
test statistical significance. All significance tests were performed
using the Student’s t-test, except for Table 2, where the
Mann-Whitney U test was additionally used as the sample
number for each case in there was < 12—too small to
hypothesize normal distributions.

For the basin average SST over the WNP (100°E-180°N and
0-40°N), 29 climate model simulations under the SSP scenarios
(i.e. SSP2-4.5 and SSP5-8.5) in the Coupled Model Intercomparison
Project Phase 6 (CMIP6) were utilized. The models used in this
study are listed in Supplementary Table 4.

Model description and experiments

The Weather Research and Forecasting (WRF) model (version 4.1.2)
was used to identify warming effects®°. The ERA5 reanalysis data,
which covers Earth with a 0.25° x 0.25° horizontal resolution, were
used as initial and boundary conditions®. Prescribed daily SST was
obtained from OISSTv23, The horizontal grid spacing of the WRF
was 3 km with a single domain that covered most of the WNP
(approximately 0-50°N, 100-175°E), with 2481x 1921 grid points
in the zonal and meridional directions. The model had 50 vertical
levels from the surface to the top of the atmosphere at 50 hPa. A
multi-physics ensemble approach was applied to reduce the
uncertainties in the WRF simulations. Four ensemble members
were constructed for each TC case using two cumulus para-
meterization schemes (multi-scale Kain—Fritsch and KIM Simplified
Arakawa-Schubert) and two microphysics parameterization
schemes (WRF single-moment 6-class and WRF double-moment
6-class) (Supplementary Table 3)%°-*3, The WRF model uses the
following parameterization schemes: the Yonsei University (YSU)
planetary boundary layer scheme***>, Rapid Radiative Transfer
Model (RRTM) long-wave, and Dudhia short-wave radiation
scheme®®4,

Six TCs were selected for the case study (three each of El Nifio
and La NifAa). The simulation periods for each TC case are listed in
Supplementary Table 3. The control (Ctrl) experiments used the
SST from TC simulation data, and 2K experiments used a 2K
warmer SST than did the Ctrl experiment. Other variables were
applied equally in both the Ctrl and 2K experiments. For each El
Nifio and La Nifa, the warming effect was examined by comparing
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the results of two experiments. According to the previous studies,
the pseudo-global warming experiments require at least one day
of spin-up?®4°, so the first 24 hours of data from the initial state
were excluded from the analysis for Fig. 3.

DATA AVAILABILITY

The TC best-track data used in this study are issued by the JTWC and the RSMC, which are
publicly available on https://www.metoc.navy.mil/jtwc/jtwc.html?best-tracks and https://
www.jma.go,jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html, respectively.
Daily data on wind and SST were obtained from the ERA5 reanalysis data and the daily
OISSTv2, which are also publicly available on https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-pressure-levels?tab=overview, and https:/psl.noaa.gov/data/
gridded/data.noaa.oisst.v2.highres.html, respectively. All figures were plotted by using
Python only except Supplementary Figure 1 which was plotted by NCL.

CODE AVAILABILITY

The source codes for each calculation are available from the corresponding author
upon reasonable request.
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